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Abstract
 .We have evaluated the bactericidal activity of hen ovotransferrin OTf , which was found to operate regardless of its
iron-deprivation properties, with the objective of isolating the bactericidal domain. The amino-terminal half-molecule
 .N-lobe, residues 1–332 of OTf, isolated by trypsin-nicking, retained the bactericidal activity independently of iron-de-
 .privation, but not the carboxyl-terminal half-molecule C-lobe, residue 342–686 , suggesting the presence of a bactericidal
domain within the N-lobe of the molecule. Specific cleavage at the aspartyl residues of OTf, by diluted-acid procedure,
yielded fairly large peptides, whereas proteolysis for 150 min produced the strongest bactericidal peptides mixture. The
bactericidal domain was purified from the active hydrolysate by gel filtration and reversed-phase HPLC and showed activity
against S. aureus as well as E. coli K-12. Electrophoretic analysis on tricine-SDS-PAGE revealed a bactericidal peptide
 .with an average M of 9900 Da under non-reducing conditions. In combination with the specificity of cleavage Asp-X andr
the molecular mass, its N-terminal microsequencing corresponded to a cationic peptide consisting of 92 residues located
within the 109–200 sequence of the N-lobe of OTf, containing three intrachain disulfide bridges, featuring a common
 160 174structural motif occurs in the N-lobes of transferrins for which the sequence is available. Two of the disulfides C –C
171 182 .and C –C form surface exposed cringle bridges lying on the opposite side of the iron-binding site from the
interdomain cleft and showing marked sequence homology to insect defensins, which are blockers of the voltage-dependent
Kq channels. The peptide lost antibacterial activity when its disulfide bonds were reduced, indicating the importance of its
tertiary structure for the exertion of antibiotic activity. q 1998 Elsevier Science B.V.
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Abbreviations: OTf, ovotransferrin; Lf, lactoferrin; apo-OTf, iron-free OTf; 1Fe-OTf, monoferric OTf; 2Fe-OTf, diferric OTf; CFU,
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 .23-residue segment of OTAP-92 178–200 sequence ; SDS, sodium dodecylsulfate; PAGE, polyacrylamide gel electrophoresis; SS-IV &
 160 174 171 182.
-V, disulfide bonds number 4 and 5 C –C and C –C of OTf
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1. Introduction
 .Ovotransferrin OTf , an egg-white protein impli-
cated in the transfer of trace elements from the hen
oviduct to the developing avian embryo, is a glyco-
protein consisting of a 686-residue single polypeptide
chain with a molecular mass of 78–80 kDa and iso-
 .electric point p I of 6.0. It contains fifteen disulfide
w xcross-links and no free sulfhydryl groups 1 . OTf is a
member of a family of iron-binding proteins called
the transferrins, with the capacity to bind reversibly
two Fe3q ions per molecule concomitantly with two
CO2y or HCOy ions. Three proteins typify the3 3
transferrin family: serum transferrin the iron-trans-
. port protein , lactoferrin found in milk and other
.secretions as well as leukocytes , and ovotransferrin
 .from avian egg-white . Transferrins are two-lobed
proteins ‘‘bilobal molecule’’ with a very strong site
for iron binding located in each lobe, the N- and
C-terminal half-molecules. Each lobe is further di-
 .vided into two domains N1, N2, C1, and C2 of ca.
160 residues each with an iron-binding cleft between
w xthem 2 . The global structures of OTf and transfer-
rins are identical, differing only in the nature of their
w xattached glycan chain and their p I 3,4 . The high
level of amino acid sequence homology and three-di-
mensional structure similarities between transferrins
suggests that their biological roles, beside their impli-
cation in the transport of iron to the target cells, are
also very similar. The bacteriostatic effects of OTf
 .and lactoferrin Lf against varying bacterial strains
have been noticed and were suggested to be caused
by depriving the iron essential for bacterial growth
w x5,6 . However, it has been demonstrated that lacto-
ferrin is bactericidal to a wide spectrum of bacteria
w xregardless of its iron-chelating properties 5,7 . Fur-
ther work has revealed that the bactericidal action of
bovine Lf can be attributed to the presence of bacteri-
 .cidal sequence named lactoferricin of 25 amino-acid
residues long in the N-terminal region – lying be-
tween residues 17 and 41 of the molecule – which
w xcan be isolated by pepsin cleavage 8 . It has been
suggested that the loop structure, imposed by a disul-
fide bond between Cys 19 and Cys 36, and the high
basicity of the lactoferricin, contributes to the ob-
served bactericidal activity and to the direct mem-
w xbrane damage of the exposed bacteria 9 . Despite the
structural similarity between OTf and Lf, there were
no studies undertaken to investigate the possible exis-
tence of structure–antimicrobial relations rather than
iron-deprivation property of OTf. However, the anti-
bacterial activity of metal complexes of ovotransfer-
rin was studied ‘‘in-vitro’’ against different bacterial
species and the Zn2q-loaded ovotransferrin appeared
to be more active by comparison with the apo-protein
and other metal complexes. The effect was neither
due to Zn2q ions, nor to iron deprivation, but to a
specific activity of the Zn2q–ovotransferrin complex.
This antibacterial activity required a direct contact of
w xZn–ovotransferrin with the bacterial surface 10 . In
earlier studies, it was also observed that iron-loaded
ovotransferrin retained its antifungal activity, and the
authors suggested an interaction between the protein
and Candida cells and again its antimicrobial effect is
w xdecoupled from iron sequestration 11 . Furthermore,
we have recently found that OTf is bactericidal to
Staphylococcus aureus whether loaded with iron or
not, and, more strikingly, was potently bactericidal to
the Gram-negative E. coli K-12 when complexed
w xwith iron but less potent when unliganded 12 .
It is, therefore, possible to argue that OTf pos-
sesses an antimicrobial domain similar, in terms of
functionality, to that found in human and bovine
w xlactoferrins 8 . Our preliminary attempts to isolate
the corresponding sequence from ovotransferrin re-
vealed that peptic peptides of ovotransferrin have no
antimicrobial activity, and the peptide patterns gener-
ated from ovotransferrin were largely different from
w xthose obtained from bovine lactoferrin 12 . Further,
sequence-homology analysis revealed inconsistency
between ovotransferrin and lactoferrin, particularly in
the region harboring the lactoferricin sequence. This
ambiguity could be a result of the type of proteolysis
required to isolate the bactericidal domain from the
 .two proteins OTf and Lf with only ;50% amino
acid sequence homology. Thus, selection of the
cleavage specificity for this investigation would be of
great importance in understanding the unraveled anti-
bacterial action that is independent of iron-chelation
 .of OTf structure-related activity .
To date, no systematic study has been undertaken
to define the structure–antimicrobial function of OTf.
In this paper, we show that OTf has bactericidal
action that can be completely decoupled from its
nutritional deprivation effect. The isolation and struc-
ture determination of the bactericidal domain of OTf
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was achieved by utilizing acid-hydrolysis technique,
which produces relatively large peptides via specific
w xcleavage at Asp-X sequence 13 . The bactericidal
domain, designated OTAP-92, was found at the lip of
the N2-domain of the N-lobe of OTf, containing three
disulfide bridges whereas two of them form a bilooped
structural feature common in transferrin members and
has significant sequence similarity with bactericidal
insect defensins, as demonstrated by sequence-ho-
mology search of data bases.
2. Materials and methods
2.1. Materials
Ovotransferrin from hen egg-white was from Wako
 .  .Osaka, Japan . Brain–heart infusion broth BHI ,
Bacto-peptone, and nutrient agar were purchased from
 .Difco Detroit, MI . Sephadex G-50 and G-100,
DEAE-Sephadex A-50 and CM-Sephadex C-50 were
products of Pharmacia. Unless otherwise stated, all
other chemicals were of the highest grade commer-
cially available.
2.2. Microorganisms
Bacterial strains for the antibacterial screening
Staphylococcus aureus IFO 14462, Bacillus cereus
IFO 13690, Escherichia coli K-12 IFO 3301, and
Pseudomonas aeruginosa IFO 3080 were obtained
 .from the Institute of Fermentation Osaka, Japan .
2.3. Antibacterial assay
The liquid dilution method was employed to assess
the bactericidal activity of OTf and its peptides, as
w xdescribed previously 14 with minor modification.
Briefly, the bacteria were grown overnight in BHI
broth at 378C. A 1 ml aliquot was then diluted to
1 : 100 in BHI broth and further incubated for 2–3 h
until mid-logarithmic phase is reached. Bacterial pel-
 .lets 3000 =g for 7 min at 48C were washed twice
and resuspended in a 0.65% Bacto-peptone broth, pH
7.4, to give absorbance at 675 nm of 0.001 cmy1.
 .Each bacterial suspension 100 ml was mixed with
an equal volume of the same medium containing a
series of the test protein or peptide at a twofold
increase in concentrations. Controls were incubated
in the absence of protein. The mixture was incubated
 .at 378C for 1 h OTf and its half-molecules or 5 h
 .peptide fractions of the different purification steps .
 .A 30 ml aliquot or dilutions in saline solution were
spotted onto nutrient agar plates. The colony-forming
 .units CFU were obtained after incubating the plates
at 378C for 24 h. All assays were performed in tripli-
cate and the results, unless otherwise notified, are
presented as CFU"S.Erml. The antibacterial activ-
ity of different fractions during purification steps was
quantified as log reduction in colony-forming units10
 .CFU and was calculated by using the following
formula: E log killings log ncy log np, where10 10
nc and np were the CFUrml of mock- and peptide-
treated cells, respectively.
To distinguish between the bacterial growth inhibi-
tion and the bactericidal effects, the A of a suspen-675
sion of a mid-logarithmic phase culture of S. aureus
 .in peptone broth pH 7.4 containing 50 mgrml of
apo-OTf was monitored spectrophotometrically at
675 nm for various periods of time at 378C. Simulta-
neously, portions of the suspension or dilutions in
.saline solution were plated onto nutrient agar plates
to determine the CFU.
2.4. Preparation of apo-, monoferric-, diferric-OTf
 .Iron-free apo OTf was prepared by dialyzing
 .standard OTf first against 0.1 M citrate pH 4.5
containing 0.1% EDTA for 48 h at 48C, then against
an excess of deionized water for two days. Monofer-
ric and diferric ovotransferrins were prepared by
adjusting the molar ratio of Fe3q to OTf. Monoferric
 .OTf 1Fe-OTf was prepared by adding freshly pre-
 .pared ferric chloride FeCl solution to a 1% OTf3
 .solution 100 ml to achieve a molar ratio of iron to
OTf of 1 : 1 in 0.1 M Tris-HCl buffer, pH 8.0, con-
taining 5 mM sodium bicarbonate. For the diferric
 .OTf 2Fe-OTf , FeCl was added to achieve twofold3
excess molar ratio of iron over the saturation capacity
 .of OTf 4 : 1 . After stirring overnight at 48C, the
mixtures were dialyzed against deionized water at
48C for 72 h. Thereafter, all OTf preparations were
lyophilized. Iron saturation of OTf were determined
spectrophotometrically, whereas the extinction coeffi-
cient at 465 nm for iron-saturated OTf was 0.58, as
w xreported previously 15 . The extinction coefficient of
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11.3 and 14.9, at 280 nm, were used for apo- and
w xiron-saturated OTf, respectively 16 .
2.5. Preparation of the N- and C-lobes of OTf
The N- and C-terminal half-molecules of OTf were
prepared from diferric-OTf by trypsin-nicking in the
presence of 10 mM calcium chloride, as described
w xpreviously 17 . Briefly, 1 g of 2Fe-OTf in 0.1 M
Tris-HCl, pH 8.0, containing 10 mM CaCl was di-2
gested for 5 h at 458C with 20 mg trypsin in a total
volume of 20 ml. The nicked-OTf was purified by
 .Sephadex G-100 3=90 cm column equilibrated
with 1 mM ammonium bicarbonate, pH 7.3. The frac-
tion was mixed with 0.05 volume of 1 M Tris-HCl,
pH 8.0, and then passed through an immobilized
 .soybean trypsin inhibitor column Sigma . The eluate
was further purified on a DEAE-Sephadex A-50 1.5
.=30 cm column equilibrated with 50 mM Tris-HCl,
pH 8.0. Elution was achieved with 1-liter linear
 .gradient 0.05–0.4 M Tris-HCl, pH 8.0 and the frac-
tions containing nicked-OTf at 0.14 M Tris concen-
.tration were collected. The nicked-OTf fractions were
dialyzed against 0.1 M sodium citrate, pH 4.5, until
free of iron, followed by exhaustive dialysis against
distilled water, and then against 20 mM sodium phos-
phate buffer, pH 5.5. The dialyzed nicked-OTf was
 .applied to a CM-Sephadex C-50 1.7=25 cm col-
umn equilibrated in the same phosphate buffer. After
washing the column with 500 ml buffer, the N- and
C-lobes were totally resolved through two steps of
pH and salt linear gradients from 20 mM phosphate,
 .pH 5.0, to 30 mM phosphate, pH 6.3 600 ml , and
then from 30 mM phosphate, pH 6.3, to 80 mM phos-
 .phate, pH 7.7 400 ml . The individual lobes were
dialyzed against 0.1 M sodium citrate, pH 4.5, to
remove iron, and then exhaustively dialyzed against
distilled water, and freeze-dried. The identity of the
purified lobes were confirmed by the N-terminal
sequencing, molecular weight determination on stan-
w xdard SDS-PAGE 18 , and detection of the carbo-
hydrate moiety of the C-lobe, as described previously
w x17 . Portions of the purified lobes were saturated
with iron by adjusting molar concentration of the iron
 .to the peptide 1 : 1 , as mentioned earlier, whereas
the molecular weights of N- and C-lobes were 38.5
and 40 kDa, respectively, based on electrophoretic
mobilities.
2.6. Isolation of antibacterial peptide
2.6.1. Step 1. Diluted-acid hydrolysis
Localization of the putative antibacterial domain
followed the general strategy of producing large pep-
tides through specific cleavage at aspartyl residues of
w x  .OTf in diluted acid 13 . Portions 10 ml of OTf
 .solution 5 mgrml 0.03 N HCl were pipetted into a
screw-capped glass tubes, flushed with nitrogen, and
then heated in a heating block at 1158C for different
periods of time with 30 min intervals. At the desired
time, the tube was removed and placed on ice for
 .5 min. The reaction mixture was neutralized pH 7.0
by the addition of ammonium water, and then clari-
fied by centrifugation at 3000 = g for 15 min. The
resulting supernatants were then freeze-dried and ana-
 .lyzed on SDS-PAGE 4–20% gel under reducing
conditions, using 20 mg proteinrlane. Antibacterial
activity was screened against S. aureus and E. coli
K-12 for 5 h incubation at 378C. We repeated the
hydrolysis step to produce a greater amount of the
 .bactericidal hydrolysate 150 min .
2.6.2. Step 2. Gel permeation chromatography
 .The antibacterially active-hydrolysate 150 min
 .was dissolved in 4 ml distilled water 20 mgrml and
 .applied to a Sephadex G-50 column 2.2=100 cm ,
equilibrated and eluted with 0.1 M pyridine-acetate
buffer, pH 5.5, using a flow rate of 0.5 mlrmin. The
elution pattern was monitored at 280 nm. A part of
the resultant fractions, designated fractions A through
D, was vacuum-dried in a SpeedVac centrifuge, and
resuspended in distilled water, then subjected to anti-
bacterial screening against S. aureus. The fractions
 .exhibiting antibacterial activity A and B were ana-
 .lyzed on SDS-PAGE 4–20% acrylamide in the
 .presence, and absence of b-mercaptoethanol b-ME
with standard molecular weight markers: phosphory-
 .  .  .lase b 94 kDa , BSA 67 kDa , ovalbumin 43 kDa ,
 .carbonic anhydrase 30 kDa , soybean trypsin in-
 .  .hibitor 20.1 kDa , and a-lactalbumin 14.4 kDa .
2.6.3. Step 3. Re˝ersed-phase HPLC
 .The most potent bactericidal fraction B fraction ,
which was derived from gel permeation step, was
applied to a Wakosil-II 5C18-200 column, 4=
 .250 mm Wako, Osaka, Japan , attached to a Shi-
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madsu CBM-10A, LC-work station class-LC10
 .Shimadzu, Kyoto, Japan , connected to PC-98-21 Bp
NEC computer. The following linear gradient elu-
tions were employed: 1–40% acetonitrile over
100 min and 40–80% acetonitrile over 100 min. The
mobile phases were made in double-distilled water
containing 0.1% HCl. The flow rate was constant at
0.4 mlrmin at 258C, and peptide elution was moni-
tored at 215 nm. Peaks were numbered and collected
automatically by the on-line fraction collector. Col-
lected peaks were vacuum-dried and resuspended in
doubled-distilled water to screen for antibacterial ac-
tivity against S. aureus and E. coli K-12 for 5 h
incubation at 378C. We repeated this step to collect a
 .greater amount of the bactericidal fraction peak-4 .
The molecular mass of the bactericidal fraction was
estimated by tricine-SDS-PAGE with 16% acryl-
w xamide gel 19 using 20 mg proteinrlane. Standard
 .peptide molecular-mass marker Pharmacia was used:
 .horse-heart globin 16.9 kDa , globin I q II
 .  .14.4 kDa , globin I q III 10.7 kDa , globin I
 .  .8.2 kDa , globin II 6.2 kDa , and globin III
 .2.5 kDa . The protein bands in the gel were either
visualized directly by Coomassie blue, or electroblot-
 .ted onto a polyvinylidene difluoride PVDF mem-
w xbrane by a semidry unit 20 , whereas the blots were
 .stained in 1% Coomassie blue 30 min , excised,
shaken in several changes of fixerrdestainer solution,
rinsed in distilled water, dried, and then subjected
w xdirectly to N-terminal microsequencing 21 . Dithio-
 .threitol 0.1% was added to transfer buffer and all
the subsequent stain and destain solutions.
2.7. N-Terminal microsequencing
Peptides eluted from reversed-phase HPLC or those
immobilized on PVDF membrane were directly sub-
jected to automated N-terminal sequence analysis
using Applied Biosystems Procise sequencer Model
.610A , equipped with a ‘‘blot cartridge’’.
2.8. Computer-assisted sequence and structural anal-
ysis
Stereo structures of OTf and its identified bacteri-
 .cidal domain OTAP-92 were generated by RasMol
ver.2.6 Biomolecular Structures Group, Glaxo R &
.D., Greenford, UK using Brookhaven PDB file of
w xthe diferric-ovotransferrin 22 retrieved from Swiss-
Prot data base. Secondary structures analysis of
OTAP-92 was performed at the Glaxo Institute for
Molecular Biology SA using the Swiss-Model auto-
 .mated protein modeling service ProMod tools . Se-
quence-homology analysis of the sequences 150–190
and 160–184 of OTf, corresponding to the cringle
 .Fig. 1. Antibacterial activity of ovotransferrin OTf tested against
 .S. aureus. A Microbial growth was assessed by measuring the
 .increase in A after incubation of 50 mgrml apo-OTf OTf or675
 .water as a control Ctrl with a mid-logarithmic phase culture at
 .378C. B Portions of the culture were plated onto nutrient agar
 .  .plates to determine bacterial viability CFU . C Bactericidal
activity of OTf with different degrees of iron saturation as a
function of protein concentration. Bacteria was incubated with
protein for 1 h at 378C before determining the CFU. Data are
typical of several experiments and are given " S.E.
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 .  .  .Fig. 2. Separation of the N-terminal Nt and C-terminal Ct half-molecules of OTf by CM-Sephadex column. A The trypsin-nicked
form of OTf, which had been purified on DEAE-Sephadex, was applied to a CM-Sephadex C-50 column. The column was eluted with
 .  .  .increasing pH and buffer concentration - - - , and protein elution was monitored at 280 nm . Inset Reduced SDS-PAGE
 .  .  .10% gel shows the separation of the two half-molecules, running parallel to protein markers MW ; intact OTf 80 kDa , ovalbumin
 .  .  .  .43 kDa , and lysozyme 14 kDa . B Half-molecule fractions were re-saturated with iron ;98% saturation and tested for antistaphylo-
 6 .coccal activity. The bactericidal screening was performed by incubating bacteria initial level of viability was 7.1=10 CFUrml with
 .50mgrml protein for 1h at 378C. Killing activity E log killing was calculated as described in Section 2.
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bridges of OTAP-92, was carried out by MPsrch ver.
 .3.0 via the on-line E-mail server BLITZ machine of
The European Molecular Biology Laboratory, EBI,
using protein data bases from Swiss-Prot.
3. Results
3.1. O˝otransferrin is bactericidal, regardless of
iron-depri˝ation
Preliminary experiments in our laboratory has
shown that turbidity changes assays greatly mislead
in respect of the actual antimicrobial effect of ovo-
transferrin. Consequently, a liquid-broth method was
used in this study to determine the antibacterial ac-
tion of the protein. When the antimicrobial activity
was evaluated by measuring changes in the culture
  ..turbidity of S. aureus Fig. 1 A , apo-OTf showed
growth inhibition. It can be noted that addition of
apo-OTf resulted in a slight increase in the turbidity
of bacterial suspension up to 2 h, where it reached
constant, most probably as a result of the agglutina-
w xtion of the bacteria 23 . In parallel, apo-OTf exhib-
ited sever reduction in the CFU of the bacteria up to
  ..4 h of the incubation time Fig. 1 B , clearly indicat-
ing bactericidal effect rather than bacteriostatic.
Loading of OTf with iron had no detectable effect on
the bacterial killing, whereas apo-, monoferric-, and
diferric-OTf showed dose-dependent bactericidal ef-
  ..fects Fig. 1 C , while demonstrating that OTf has a
killing action against this bacteria, independently of
iron-sequestration. It should be noted that a similar
effect, though different in magnitude, was observed
against other sensitivity-testing strains of either
 .Gram-positive Bacillus subtilis and B. cereus or
 .Gram-negative E. coli K-12 and P. aeruginosa
 .bacteria data not shown .
3.2. Localization of the bactericidal domain in OTf
molecule
In an attempt to localize the antibacterial domain,
the N and C half-molecules of OTf were prepared by
w xthe trypsin-nicking procedure 17 and their anti-
 .bacterial activities tested. As shown in Fig. 2 A , the
nicked-OTf was distinctly separated into two half-
molecules on CM-Sephadex column, using a linear
biphasic salt and pH gradients of phosphate buffer.
 .The molecular masses of N-terminal Nt and C-
 .terminal Ct half-molecules were 38.5 and 40.1 kDa,
  .respectively, under reducing conditions Fig. 2 A
.inset . The C-lobe showed a very minor band of
 .truncated C-domain ;36 kDa . The identity as well
as sizes of N- and C-lobes preparation were con-
firmed by N-terminal amino acid microsequencing,
acidrurea gel electrophoresis, and detection of the
carbohydrate moiety of Ct-domain, and found to be
w xconsistent with those reported in the literature 17
 .data not shown . It was indicated that Nt composed
 .of 332 amino acid residues 1–332 sequence and the
 .Ct composed of 345 residues 342–686 sequence .
When the isolated iron-saturated half molecules were
screened for antistaphylococcal activity, only N-lobe
  ..exhibited bactericidal effect Fig. 2 B . The bacterial
killing activity of the iron-saturated N-lobe was al-
most twofold greater than that of the iron-saturated
OTf, when calculated on the basis of weight concen-
tration of the test protein. But, on the basis of molar
concentration, bacterial killing of iron-saturated N-
Fig. 3. Antibacterial activity of ovotransferrin as a function of
proteolysis time by diluted-acid hydrolysis in 0.03 N HCl at
.1158C . The proteolysis was terminated by neutralization with
ammonium solution and then lyophilization. The fractions were
resuspended in water and tested for microbicidal activity against
S. aureus and E. coli K-12. The bactericidal screening was
performed by incubating bacteria initial levels of viability of S.
aureus and E. coli were 3.1=108 and 1.3=109 CFUrml, re-
.spectively with 20 mgrml protein for 5 h at 378C. The results are
expressed as CFUrml"S.E.
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lobe and OTf were equal. Thus, almost all the bacte-
ricidal activity of ovotransferrin could be attributed to
the N-lobe. Similar results were obtained with an
equimolar mixture of the two half-molecules instead
 .of the intact OTf molecule data not shown .
3.3. Isolation of the antibacterial domain
Recent studies have shown that pepsin digestion of
OTf led to complete abrogation of the bactericidal
w xactivity 12 . Pepsin preferentially cleaves at the car-
boxyl terminus of Leu, Phe, Tyr, Trp residues 49,
.26, 21, and 10 residuesrmol of OTf, respectively in
the polypeptide chain. We sought a less-frequent
amino acid residue and found that cleavage at aspar-
 .tic acid 46 residuesrmol of OTf by diluted-acid
w xhydrolysis 13,24 , can produce a mixture of consid-
erably large disulfide-containing peptides from which
the antibacterial peptide may be detected. Fig. 3
shows the antibacterial effects screened against S.
aureus and E. coli K-12 with 20 mgrml protein for
5 h at 378C, a condition for the exertion of maximum
bactericidal action of OTf, as a function of hydrolysis
time of OTf. Hydrolysis for 150 min produced the
most potent bactericidal peptides against both test
strains. Monitoring the hydrolysis on tricine-SDS-
 .PAGE 16% gel revealed progressive reduction in
the size of OTf molecule, whereas after 150 min the
molecule was almost fragmented into peptides with
  . .-18 kDa see later, Fig. 6 A , lane 1 . Elec-
 .Fig. 4. Elution patterns of the bactericidal hydrolysate 150 min -derived peptides from Sephadex G-50 column. Four fractions, labeled A
 .to D, were collected and screened for antistaphylococcal activities as described in Fig. 3. Inset the SDS-PAGE, 4–20% gel, shows the
 .  .separation of the antimicrobial peptides A and B in the presence b-ME and absence of b-mercaptoethanol. Lanes OTf and MW are
ovotransferrin and molecular mass markers as described in Section 2
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trophoretic analysis could not explain the reason be-
hind the decreased bactericidal activity upon hydroly-
sis for 180 min. We assumed it is due to intensive
degradation of the active peptide or the occurrence of
unfavorable chemical modification such as deamida-
tion, isomerization of asparaginerglutamine residues.
However, the generation of such active hydrolysate
by proteolysis for 2.5 h was satisfactory for the pur-
pose of this study.
 .The active hydrolysate 150 min , thus, could be
partially separated into four fractions, designated
fractions A through D, on Sephadex G-50 column
 .Fig. 4 . Fractions A and B were bactericidal after 5 h
incubation at 378C peptide concentration of
.20 mgrml when screened against S. aureus, but
fraction B exhibited greater bacterial killing than A.
The bactericidal fractions A and B were subjected to
 .SDS-PAGE 4–20% acrylamide gel in the presence
 . qb-ME or absence of b-mercaptoethanol Fig. 4,
.inset . Fraction B showed a diffused broad band with
average molecular mass of 11 000 Da, either in the
presence or absence of reducing agent, most likely as
it may contains stacked peptides with smaller sizes
than the resolution limit of this gel see later, Fig.
 ..6 A . Fraction A seems to be a large fragment of
OTf containing the uncleaved active component of
fraction B, as it can be released under reducing
 .condition Fig. 4, inset A, b-ME , and this may be
attributed to the detected antibacterial activity of
fraction A. However, we are not rejecting the possi-
bility that another cross-linked bactericidal peptide
may be present in fraction A and this would merit
additional study.
To pursue this interesting finding, the most potent
bactericidal fraction, pool B, was further purified by
reversed-phase HPLC on a Wakosil-II 5C18 column,
 .Fig. 5. Purification of gel filtration-derived antibacterial peptide fraction B separated on a Wakosil-II 5C18-200 column reversed-phase
column. Absorbance was monitored at 215 nm, and elution was achieved with a 1–40% linear gradient of acetonitrile in acidified water as
 .indicated by dashed line A . Six fractions were collected and tested for antimicrobial activity against S. aureus and E. coli for 5 h at
 . 6 6378C B . The initial levels of viability of S. aureus and E. coli were 6.0=10 and 9.2=10 CFUrml, respectively, and the results are
expressed as E log killing. The bactericidal HPLC-derived peak number 4, was applied to N-terminal protein sequencing with the
 .automated Edman degradation procedure. Sequencing results are shown with the standard one-letter code for amino acids A, inset .
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using linear gradient of acetonitrile in acidified water.
It was found that all the peptide constituents of pool
B eluted within the gradient range of 20–40% aceto-
nitrile, and no further peaks were detected up to 80%
acetonitrile concentration. Pool B was separated into
six subfractions designated subfractions 1 through 6
  ..Fig. 5 A . The pooled subfractions were dried by
vacuum centrifugation and screened for bactericidal
activity against S. aureus and E. coli K-12 Fig.
 ..5 B . Only peak number 4 exhibited strong bacterici-
dal activity against both strains. At concentration of
20 mgrml of peak 4, more than six log orders of10
killing against S. aureus and more than one log10
order of killing against E. coli was observed after 5 h
incubation at 378C. N-terminal sequencing of peak 4,
12-residue sequence, yielded two equimolar peaks up
to seven cycles, then showed a single sequence
 . NAPYS , with two blanks at cycle 5 and 7 Fig.
 . .5 A , inset . The single sequence NAPYS corre-
sponded exclusively to the sequence Asn185–Ser189 of
OTf, and the preceding 7-residue sequence to it was:
PKTKCAR. By subtracting this sequence from the
sequencing output, we could identify the coexisting
sequence as: LQGKTSC, assuming that the blank at
 .  .Fig. 6. A Tricine-SDS-PAGE 16% T, 3% C with a 15 mm spacer gel 10% T , 3% C analysis of purified HPLC-derived bactericidal
 .  .peak 4 under reducing right patterns and non-reducing left patterns conditions. Lanes HMW and LMW show high- and low-
 .  .molecular-weight markers Pharmacia in kDa. Lane 1 shows bactericidal acid-hydrolysate 150 min -derived peptide mixture; Lanes 2
 .  .  .and 3 show the purified bactericidal peptide on CM-Sephadex peak B and reversed-phase HPLC peak 4 , respectively. B Amino acid
 .sequence of the OTf antibacterial peptide OTAP-92 showing the three disulfide connections and its two fragments AP-69 and
177  .AP-23 as a result of split at Asp vertical stippled arrow . The underlined sequence corresponds to direct N-terminal sequencing of the
 .  .peptide bands indicated by arrows on gel patterns A after electroblotting into PVDF membrane see text .
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cycle 7 is disulfide-linked cysteine residues. Thus,
two peptides are present in peak 4 with the following
N-terminal sequences: LQGKTSC and PKTKCAR-
NAPYS. Computer-assisted analysis was then used to
relate these peptides, sequences resulted from Edman
degradation of peak 4, to specific segments of OTf.
The latter 12-residue N-terminal sequence appeared
178 189   .to be the peptide: P KTKCARNAPYS Fig. 5 A ,
.  .inset , while the coexisting sequence LQGKTSC
exclusively corresponded to the fragment Leu109–
Cys115 of OTf.
Further purification of subfraction 4 by reversed-
phase HPLC, using shallower gradient 20–40%
.acetonitrile for 400 min , yielded single peak with the
same bactericidal potency, but its Edman degradation
gave the same unambiguous sequencing, incorporat-
ing two sequences as above. We hypothesized that
the component is two peptides linked by interchain
 .disulfide-linkage s , as the two sequences have shown
to contain cysteines and are located in a close vicinity
to each other within disulfide-cross-linked region of
 .OTf seemingly 100–200 sequence .
 .The molecular mass of the purified Peak 4 as-
sessed by tricine-SDS-PAGE revealed a single pep-
tide of 9.9 kDa under nonreducing condition Fig.
 . .6 A , left pattern lane 3 , and 7.1 kDa under reducing
  . .condition Fig. 6 A , right pattern lane 3 . These
peptides were excised, electroblotted to a PVDF-
membrane using dithiothreitol-containing transfer
buffer and subjected directly to N-terminal microse-
quencing. The N-terminal 18-residue sequence of the
peptide 7.1 kDa was as follows: LQGKTSCHT-
GLGRSAGWN, and that of 9.9 kDa peptide showed
again unambiguously two equimolar sequences ex-
  . .actly similar to those of Peak 4 Fig. 5 A , inset .
Combination of microsequencing analysis of the pep-
 .Fig. 7. Structural characterization of the bactericidal domain OTAP-92 of ovotransferrin. A Primary structure of OTAP-92, including
w x  . w xdisulfide bridges 1 . B Representation of the main chain three-dimensional structure of diferric-OTf 22 , as drawn by RasMol ver.2.6,
 .from PDB file at Swiss-Prot data base. OTf is shown with the spatial location of OTAP-92 boxed region at the lip of the N2-domain,
 .projecting the cringle bridges to the exterior of iron-binding cleft of the N-lobe of the molecule B, a . Ribbon drawing showing the fold
 .  .and distribution of basic residues boldface of OTAP-92 B, b , drawn from the PDB file as above. The three disulfide linkages are
represented as white balls.
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tide and the specificity of cleavage at Asp-X se-
quence, indicate that the bactericidal peptide corre-
sponds to the disulfide-cross-linked sequence Leu109–
D200 in the N-lobe of OTf which is in excellent
agreement with the measured molecular mass, as
 .shown in Fig. 6 A and B . The appearance of two of
equimolar sequences for the peptide 9.9 kDa attribute
177   ..to the cleavage at Asp Fig. 6 B , thus giving the
N-terminal sequences: LQGKTSCHTGLGRSAGWN
and PKTKCARNAPYS underlined sequences in Fig.
 ..6 B .
Taken together, these results indicate that the anti-
bacterial domain, termed ovotransferrin antibacterial
 .  109peptide OTAP-92 , is a 92-residue peptide Leu –
200.D with six cysteines engaged in the formation of
three intrachain disulfide bridges, Cys115–Cys197,
160 174 171 182   ..Cys –Cys , and Cys –Cys Fig. 6 B . The
peptide has been split at Asp177 thus generating the
 .  .69-residue AP-69 and the 23-residue AP-23 seg-
ments bind to each other with intrachain disulfide
  ..bridges Fig. 6 B . The segment AP-23 was not
Coomassie blue stainable on tricine-SDS-PAGE,
when disulfide linkages were reduced by reducing
 .agent b-ME . Microsequencing of the slow migrat-
 . ing band 13.74 kDa of the reduced Peak 4 Fig.
 . .6 A , b-ME, lane 3 has shown to be a dimer of
AP-69 segment, most probably as a result of inter-
molecular sulfhydrylrdisulfide exchange reaction
frequently occurring in disulfide-bonded polypeptides
w xin the SDS-containing gels 25 . This can also explain
the appearance of trailing in peptide bands on tricine-
  ..SDS-PAGE Fig. 6 A , whereas OTf is a highly
disulfide-cross-linked protein 15 disulfide bonds per
.molecule .
Structural analysis of the OTAP-92 from the data
banks showed that this sequence is surface exposed at
  .the lip of the cleft of the N-lobe of OTf Fig. 7 B ,
.a . Of the three disulfide bridges in OTAP-92, two
 160 174 171 182.Cys –Cys , and Cys –Cys form bilooped
 .structural feature cringle bridges surrounded by an
array of surface accessible positively charged amino
  .  . .acid residues Fig. 7 A and B , b . The OTAP-92
domain packed into three helices with a short anti-
parallel b-sheet interaction, together with the three
disulfide linkages, thus projecting the cringle bridges
and a set of basic residues to the exterior of the
  . .domain Fig. 7 B , b . Reduction of the disulfide
bridges of the OTAP-92 peptide with reduced dithio-
 .threitol 0.5 mM was found to completely abolish its
bactericidal action against both S. aureus and E. coil
 .K-12 data not shown , indicating the importance of
its spatial conformation for the antibacterial action.
We could not relate the effect of disulfide cleavage to
whether it is due to dissociation of the two segments
 . 177AP-69 and AP-23 , as it is split at Asp , or to the
disorder of the peptide conformation. However, the
unambiguous cleavage at Asp177, by proteolytic
method of this study, is unlikely to have effect on the
bactericidal activity of OTAP-92 as it occurred in a
region with high rigidity imposed by the two disul-
  . .fide bridges of the cringle Fig. 7 B , b . Experiments
with synthetic derivatives of OTAP-92, however,
showed difficulty in generating native conformation
 .renaturation of the peptides due to mispaired bridges
 171 174of sulfhydryls in SS-IV and SS-V e.g. Cys –Cys
174 182.and Cys –Cys . As a consequence, attempts are
now on to improve the recovery of native disulfides-
bearing synthetic peptides, with the objectives of
analyzing the minimal structural requirements for the
antimicrobial activity of OTAP-92, and to further
elucidate the antimicrobial mechanism.
4. Discussion
The antimicrobial activity of ovotransferrin has
long been believed to be due to its ability to bind and
sequester iron thus rendering an iron-deficient envi-
w xronment for microbial growth 26,27 . However, there
have been few reports describing the antimicrobial
activity of OTf even when complexed with metals
w xsuch as zinc and iron 10–12 , implying mechanism
other than iron-deprivation. This discrepancy may be
ascribed to the antimicrobial assays used in different
studies as well. Therefore, we intended to re-evaluate
the antibacterial action of OTf using liquid broth-
based CFU determination assay, with the objective of
verifying the possible existence of bactericidal do-
main within the OTf molecule, such as that reported
w xin lactoferrins 8 . Despite the accumulative evidence
that transferrins of different sources share similarities
in the structure and biological functions, this possibil-
ity has yet to be investigated, and no correlation
between structure and antimicrobial function of OTf
has been determined. In the present study, we provide
clear evidence that ovotransferrin is bactericidal and
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its bacterial killing activity is completely decoupled
from its iron-sequestration properties. The N-terminal
 .half-molecule N-lobe has been recognized as the
bactericidal domain of OTf molecule, and it is thus
 .confirmed to possess antibacterial peptide OTAP-92
 .against Gram-positive S. aureus as well as Gram-
 .negative E. coli K-12 bacteria. The OTAP-92 do-
main is a basic 92-residue peptide, containing six
cysteines engaged in three intra-domain disulfide
bridges. To the best of our knowledge, this is the first
report on the identification and isolation of a bacteri-
cidal domain from ovotransferrin.
We have utilized three independent strategies to
identify and isolate bactericidal peptide from OTf:
1. separation of N- and C-lobes of the molecule to
localize and confirm existence of the putative
bactericidal domain;
2. generation of large peptide by specific cleavage at
Asp-X sequence using partial acid proteolysis,
which is attractive because it proceeds relatively
independently of the amino acid sequence or struc-
tural constraints and because disulfide cleavage is
w xunlikely to occur in diluted acid 24 ; and
3. adopting the sensitive broth-based bacterial killing
assay to screen the peptide fractions during purifi-
cation steps, since turbidity-based assay was
demonstrated to give misleading information Fig.
 ..1 A and B .
Restoration of bactericidal activity of the isolated
N-lobe of OTf, even when saturated with iron Fig.
.2 , suggested that there is a putative bactericidal
peptide exposed to the exterior of this domain, where
it killed S. aureus in a dose-dependent manner data
.not shown . Furthermore, since proteolysis by pepsin
 .cleavage at Phe, Trp, Tyr and Leu residues resulted
in complete loss of the antimicrobial action of OTf
 .data not shown , contrary to bovine lactoferrin previ-
w xously reported 9 , while specific cleavage at Asp-X
sequence produced more potent bactericidal compo-
 .nent than that of the intact OTf Fig. 3 strongly
confirmed our anticipation, the failure to detect bacte-
ricidal activity in the pepsin hydrolysate of OTf may
be due to the different composition and distribution
w xof amino acid residues of the two proteins 28,29 .
Also, the progressive increase in bacterial killing
activity as the purification proceeds indicate the dis-
tinct contribution of OTAP-92 domain in the bacteri-
cidal activity of OTf.
Analysis of OTAP-92 structure revealed several
important features. As can be seen in Fig. 7, the
bactericidal OTAP-92 peptide fall between Leu109
and Asp200, which has two consecutive loops forming
cringle bridges maintained by the two disulfides SS-
 160 174 171 182.IV and SS-V Cys –Cys and Cys –Cys of
OTf, implying structural rigidity at this region. The
entire peptide comprised three helices packed by the
 115 197.disulfide SS-III Cys –Cys and the antiparallel
 112 121 156 161 .b-sheet interactions K -R and F -V strands .
The cringle bridges are scattered with an array of
positively charged residues Lys 169, 175, 179, and
.181; Arg 172 and 184 , which are known to be
prerequisites for antimicrobials. The OTAP-92 do-
main contributed by the Tyr191 to the tetrapartite
 60 92 191 250.protein ligands Asp , Tyr , Tyr , and His of
the iron-binding site of N-lobe cleft, while the cringle
lies on the opposite side of the iron-binding site from
the interdomain cleft. However, the OTAP-92 showed
no iron-binding activity. This unique structural motif
of OTAP-92, strongly suggests an important role in
the biological function of OTf, particularly it is sur-
Fig. 8. Sequence comparison of cringle region of OTAP-92 and
the corresponding sequences of other transferrins and scorpion
q  .  150 190toxin K channel inhibitors. A OTAP-92 Ala -Tyr se-
.quence is compared with the corresponding cringle sequences
 . w xof; human lactotransferrin TRFL-human 40 , bovine lactotrans-
 . w xferrin TRFL-bovin 29 , and porcine serotransferrin, siderophilin
 . w x  .  160 184TRFE-pig 41 . B Alignment of OTAP-92 Cys –Arg
.sequence with cysteine-rich bactericidal short peptides from
 .scorpion: agitoxin 1 AGTX-1 from L. quinquestriatus hebraeus
 w x.  .P46110, Ref. 32 , kaliotoxin 1 KTX-1 from Androctonus
 w x.mauretanicus mauretanicus P24662, Ref. 32 , and iberiotoxin
 .  w x.IBTX from Mesobuthus tamulus P24663, Ref. 34 . Gaps
were introduced to optimize the alignment. Numbers represent
the position of the terminal amino acid residues of the given
sequence. The conserved array of cysteines are in boldface, and
disulfide bridges of the cringle of OTAP-92 are shown as connec-
tivity lines. Identical residues and conservative replacements are
stippled. Dots represent partial similarity.
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face exposed and located in the structurally unstable
 . w xdomain N-lobe 30 . Indeed, this structural motif of
w xOTAP-92 was found in other transferrins 2 . Com-
parison of the cringle sequence of OTAP-92 with that
of the other transferrins, including human, bovine,
and pig lactotransferrins, shows about 40–45% se-
quence similarity, and all have the same pattern of
cysteines of the two disulfide bridges in the cringle
  ..region Fig. 8 A . These strong sequence and struc-
tural similarities between OTAP-92 and the corre-
sponding regions of the other transferrins seems to be
a common element in their antibacterial actions. Con-
sequently, studies on isolation and characterization of
this domain from other transferrins may provide new
insight into the antimicrobial action of transferrins
family.
Of many antimicrobial peptides, several types have
been reported to contain a characteristic cysteine
motif analogous to the cringle of OTAP-92,
 .  .Cys- Xaa -Cys-Xaa-Xaa-Cys-Lys- Xaa -Lys-Cys-i j
 . w xXaa -LysrArg, including defensins 31,32 . A com-k
puter-assisted multiple alignment showed a signifi-
cant sequence similarity between the optimum region
 160 184.of OTAP-92 Lys -Arg and insect defensins,
active in killing both, Gram-positive and Gram-nega-
w x  .tive bacteria 32 . In particular ,as shown in Fig. 8 B ,
 160 184.OTAP-92 Lys –Arg has 33% sequence similar-
ity including conservative replacements and disul-
.fide array to scorpion defensins agitoxin 1 and
kaliotoxin 1, which are blockers of the voltage-de-
q w xpendent K channels 32,33 . It has 42% sequence
similarity to iberiotoxin, which is blocker of the
high-conductance Ca2q-activated Kq channels
w x34,35 . Interestingly, the positively charged residue
C-terminal to the third cysteine and N-terminal to the
 .fourth cysteine Lys in both positions , which is
thought to interact directly with Kq in the ion-con-
w x duction pore 36 , is preserved in all molecules Fig.
 ..8 B . The intramolecular disulfide bridges as well as
basicity are essential for the antimicrobial activity of
w xinsect defensins 37 . These structural similarities be-
 .tween OTAP-92 cringle region and insect defensins
may allow to anticipate a similar mechanism of an-
timicrobial action.
The OTAP-92 killed our test bacteria S. aureus
.and E. coli K-12 in a dose-dependent manner, inter-
estingly, with different kinetics of killing. At a con-
 .centration of 20 mgrml, OTAP-92 2 mM required
-10 min and 5 h to produce one log order of10
killing against S. aureus and E. coli, respectively.
The same observation was obtained when B. cereus
and P. aeruginosa were used as test organisms. This
suggests a difference in the mode of action of OTAP-
92 on Gram-positive and Gram-negative bacteria. In
parallel, insect defensins which has high level of
sequence similarity with the cringle of OTAP-92, are
more effective against Gram-positive bacteria than
w xGram-negative bacteria 38 . One apparently univer-
sal antibacterial action of OTAP-92 is its relatively
high basicity and the strikingly high degree of con-
servative cysteines array, characteristic of native anti-
w xbacterial peptides 32,39 . In particular, this motif is
almost identical to the region overlapping insect de-
  ..fensins Fig. 8 B , which are active against Gram-
positive and Gram-negative bacteria by blocking
q w xvoltage-dependent K channels 32,34,39 . Further
experimental analyses are necessary to study the mode
of OTAP-92 action in comparison with the homolo-
gous defensins.
In conclusion, this report demonstrates for the first
time the presence of a cationic antibacterial domain
in the N-terminal half-molecule of OTf. Of special
interest is the structural motif of this antibacterial
domain, which shows remarkable similarities not only
with lactotransferrins but also with known bacterici-
dal defensins. The successful strategy, by chemical
cleavage at Asp-X sequence, of identifying this do-
main paves the way to future studies on clarifying a
possible common defense mechanism of transferrins
those are frequently found in proteinase-rich environ-
ment in-vivo, and heralding a fascinating opportunity
to the potential use of this domain in therapy or
infant formulas. Eventually, our results demonstrated
the unique location of this bactericidal domain on the
exterior lip of the N-lobe and, thus, raise the tantaliz-
ing question of whether this domain has other biolog-
 .ical function s in transferrin molecules.
References
w x1 J. Williams, T.C. Elleman, I.B. Kingston, A.G. Wilkins,
 .K.A. Kuhn, Eur. J. Biochem. 122 1982 297–303.
w x2 E.N. Baker, S.V. Rumball, B.F. Anderson, Trends in
 .Biochem. Sci. 12 1987 350–353.
( )H.R. Ibrahim et al.rBiochimica et Biophysica Acta 1401 1998 289–303 303
w x3 D.C. Lee, G.S. McKnight, R.D. Palmiter, J. Biol. Chem.
 .255 1980 1442–1450.
w x4 L. Dorland, J. Haverkamp, J.F.G. Vliegenthart, G. Spik, B.
 .Fournet, J. Montreuil, Eur. J. Biochem. 100 1979 569–574.
w x5 R.R. Arnold, M. Brewer, J.J. Gauthier, Infect. Immunity 28
 .1980 893–898.
w x6 J.J. Bullen, H.J. Rogers, E. Griffiths, Curr. Top. Microbiol.
 .Immunol. 80 1978 1–35.
w x7 C.A. Bortner, R.R. Arnold, R.D. Miller, Can. J. Microbiol.
 .35 1989 1048–1051.
w x8 W. Bellamy, M. Takase, K. Yamauchi, H. Wakabayashi, K.
 .Kawase, M. Tomita, Biochim. Biophys. Acta 1121 1992
130–136.
w x9 K. Yamauchi, M. Tomita, T.J. Giehl, R.T. Ellison, Infect.
 .Immunity 61 1993 719–728.
w x10 P. Valenti, P. Visca, G. Antonini, N. Orsi, E. Antonini,
 .Med. Microbiol. Immunol. Berl. 176 1987 123–130.
w x11 P. Valenti, P. Visca, G. Antonini, N. Orsi, Mycopathologia
 .89 1985 169–175.
w x12 H.R. Ibrahim, in: Hen Eggs – Their Basic and Applied
Science, CRC Press, Inc., New York, 1996, pp. 37–56.
w x  .13 A.S. Ingris, Methods Enzymol. 91 1983 324–332.
w x14 H.R. Ibrahim, M. Yamada, K. Matsushita, K. Kobayashi, A.
 .Kato, J. Biol. Chem. 269 1994 5059–5063.
w x15 T.M. Cox, J. Mazurier, G. Spik, J. Montreuil, T.J. Peters,
 .Biochim. Biophys. Acta 588 1979 120–128.
w x  .16 J. Mazurier, G. Spik, Biochim. Biophys. Acta 629 1980
399–408.
w x  .17 H. Oe, E. Doi, M. Hirose, J. Biochem. 103 1988 1066–
1072.
w x  .18 U.K. Laemmli, Nature 227 1970 680–685.
w x19 M.S. Strom, D.N. Nunn, S. Lory, Proc. Natl. Acad. Sci. 90
 .1993 2404–2408.
w x20 P. Gravel, O. Golaz, C. Walzer, D.F. Hochstrasser, H.
 .Turler, L.P. Balant, Anal. Biochem. 221 1994 66–71.
w x  .21 M. Moos Jr., N.Y. Nguyen, J. Biol. Chem. 263 1988
6005–6008.
w x22 H. Kurokawa, B. Mikami, M. Hirose, J. Mol Biol. 254
 .1995 196–207.
w x23 J.P. Perraudin, J.P. Prieels, Biochim. Biophys. Acta 718
 .1982 42–48.
w x  .24 Z.R. Zhou, D.L. Smith, J. Protein Chem. 9 1990 523–532.
w x  .25 K. Kubo, J. Biochem. 118 1995 1112–1117.
w x26 P. Valenti, C. Antonin, P. Von Hunolstein, N.O. Visca, E.
 .Antonin, Int. J. Tiss. Reac. 1 1983 97–101.
w x  .27 F.J. Mayes, M.A. Takeballi, J. Food Protect. 46 1983
1092–1098.
w x  .28 J.M. Jeltsch, P. Chambon, Eur. J. Biochem. 122 1982
291–295.
w x29 A. Pierce, D. Colavizza, M. Benaissa, P. Maes, A. Tartar, J.
 .Montreuil, G. Spik, Eur. J. Biochem. 196 1991 177–184.
w x30 K. Nakazato, T. Yamamura, K. Satake, J. Biochem. 103
 .1988 823–828.
w x  .31 R.I. Lehrer, T. Ganz, and M.E. Selsted, Cell 64 1991
w x32 L. Ehret-Sabatier, D. Loew, M. Goyffon, P. Fehlbaum, J.A.
Hoffmann, A.V. Dorsselaer, P. Bulet, J. Biol. Chem. 271
 .1996 29537–29544.
w x33 M. Garcia, M. Garcia-Calvo, P. Hidalgo, A. Lee, R. MacK-
 .innon, Biochem. 33 1994 6834–6839.
w x34 A. Galvez, G. Gimenez-Gallego, J.P. Reuben, L. Roy-Con-
tancin, P. Feigenbaum, G.J. Kaczorowski, M.L. Garcia, J.
 .Biol. Chem. 265 1990 11083–11090.
w x35 G. Gimenez-Gallego, M. Navia, J. Reuben, G.M. Katz, G.
Kaczorowski, M. Garcia, Proc. Natl. Acad. Sci. U.S.A. 85
 .1988 3329–3333.
w x  .36 C.S. Park, C. Miller, Neuron 9 1992 307–313.
w x37 T. Kazuhara, Y. Nakajima, K. Matsuyama, S. Natori, J.
 .  .Biochem. Tokyo 107 1990 514–518.
w x  .38 Y. Kato, S. Komatsu, J. Biol. Chem. 271 1996 30493–
30498.
w x39 J. Strahilevitz, A. Mor, P. Nicolas, Y. Shai, Biochem. 33
 .1994 10951–10960.
w x40 M.H. Metz-Boutigue, J. Jolles, J. Mazurier, F. Schoentgen,
D. Legrand, G. Spik, J. Montreuil, P. Jolles, Eur. J. Biochem.
 .145 1984 659–676.
w x  .41 G. Baldwin, J. Weinstock, Nucleic Acids Res. 16 1988
8720–8720.
